ABSTRACT 23
Polycomb repressive complex 2 (PRC2) catalyzes methylation of histone H3 lysine 27 (H3K27) in 24 genomic regions of most eukaryotes and is critical for maintenance of the associated 25 transcriptional repression. However, the mechanisms that shape the distribution of H3K27 26 methylation, such as recruitment of PRC2 to chromatin and/or stimulation of PRC2 activity, are 27 unclear. Here, using a forward genetic approach in the model organism Neurospora crassa, we 28 identified two alleles of a gene, NCU04278, encoding an unknown PRC2 accessory subunit 29 (PAS). Loss of PAS resulted in losses of H3K27 methylation concentrated near the chromosome 30 ends and derepression of a subset of associated subtelomeric genes. Immunoprecipitation 31 followed by mass spectrometry confirmed reciprocal interactions between PAS and known 32 PRC2 subunits, and sequence similarity searches demonstrated that PAS is not unique to N. Specification and maintenance of cellular fate in higher eukaryotes requires the concerted 46 effort of transcription factor networks and chromatin-modifying complexes. Polycomb 47 repressive complex 2 (PRC2), which catalyzes methylation of lysine 27 on histone H3 (H3K27), is 48 one such chromatin-modifying complex essential for normal development in many organisms 49
(1, 2). The three core components of PRC2, which are conserved in plants, animals, and fungi (3, 50 4), are EED, SUZ12, and the methyltransferase EZH2. Human PRC2 additionally associates with 51 RBBP4/7, as well as other accessory proteins, which define the two human PRC2 subtypes: 52
PRC2.1 and PRC2.2 (5). Analogous subtypes of PRC2 have also been described in Drosophila 53
melanogaster (6-8) while in Arabidopsis thaliana, distinct PRC2 complexes are defined by 54 different paralogs of the core PRC2 member, SUZ12 (9). Here, using a genetic approach, we 55 provide evidence that a previously unidentified accessory subunit of PRC2 is responsible for 56 functional specialization in the filamentous fungus Neurospora crassa. 57
Neurospora bears homologs of the human core PRC2 components EED (EED), SUZ12 58 (SUZ12), and EZH2 (SET-7), as well as RBBP4/7 (NPF) (10). While loss of either EED, SUZ12, or 59 SET-7 completely abolishes H3K27 methylation, which normally covers ~7% of the genome (10), 60 loss of NPF affects H3K27 methylation in a region-specific manner (10). Considering that 61 homologs of NPF are components of other chromatin-modifying complexes (11), it remained 62 possible that the H3K27 methylation defect in ∆npf strains is not entirely attributable to PRC2 63 dysfunction. It is of obvious interest to identify all protein players involved in the establishment 64 and maintenance of H3K27 methylation and delineate their respective roles. Using a forward 65 genetic selection for factors defective in Polycomb silencing in N. crassa we report the isolation 66 of mutant alleles of a previously uncharacterized gene (NCU04278) necessary for subtelomeric 67 H3K27 methylation and silencing of associated genes. Immunoprecipitation followed by mass 68 spectrometry of NCU04278-interacting proteins demonstrated that NCU04278 is a PRC2 69 acccessory subunit, and we therefore named it PAS. PAS homologs are present in lineages of 70 both Sordariomycetes and Leotiomycetes, suggesting that PAS may play a crucial role in 71 regulating PRC2 in a wide variety of fungal species. 72
73

RESULTS
74
Isolation, mapping and identification of potential Polycomb group gene, pas (NCU04278). We 75 recently described a genetic scheme to select for mutants defective in Polycomb silencing in N. 76 crassa (12). Briefly, a wild-type strain bearing two antibiotic-resistance genes repressed by 77 H3K27 methylation, hph and nat-1, is subjected to ultraviolet radiation and mutants resistant to 78 both Hygromycin B and Nourseothricin are isolated. One mutant recovered in this fashion, 79 which we now designate pas UV1 , led to antibiotic-resistance comparable to loss of the EZH2 80 homolog, SET-7, which is responsible for all known H3K27 methylation in N. crassa (Fig. 1A ) 81 (10). We mapped the causative mutation in the pas UV1 strain, which was in the Oak Ridge 82 genetic background, by crossing it to the highly polymorphic "Mauriceville" wild-type strain 83 (13), pooling genomic DNA from antibiotic-resistant progeny, and scoring the percentage of 84
Oak Ridge single nucleotide polymorphisms (SNPs) from whole-genome sequencing data (14) . 85
Oak Ridge SNPs were enriched on the right arm of linkage group (LG) V in a region that included 86 a frameshift mutation in NCU04278 (M660fs; ATG -> TTTG) (Fig. 1B) . 87
To verify that the observed mutation in NCU04278 is the pertinent mutation in pas UV1 , 88
we targeted a wild-type copy of NCU04278 to the his-3 locus in a pas UV1 mutant strain. The 89 ectopic copy of NCU04278 complemented the pas UV1 mutant, i.e., restored Hygromycin B 90 sensitivity (Fig. 1C) . In addition, deletion of the wild-type allele of NCU04278 was sufficient to 91 confer Hygromycin B resistance (Fig. 1C) . We subsequently isolated and mapped a second allele 92 of NCU04278 (pas UV2 ; K552*; AAA -> TAA) (Fig. 1D,E) , further confirming the involvement of 93 NCU04278 in the antibiotic-resistant phenotype. 94 95 PAS is necessary for silencing subtelomeric H3K27-methylated genes. Although our forward 96 genetic selection was designed to identify novel components of the Polycomb repression 97 pathway, in principle, mutations might confer resistance to Hygromycin B and Nourseothricin in 98 some manner independent of derepression of the H3K27-methylated antibiotic-resistance 99 genes, such as by stimulating drug efflux (15) or by a global effect on transcription, leading to 100 non-specific derepression of hph and nat-1. To determine if loss of PAS has specific defects in 101
Polycomb silencing, we performed mRNA-seq on ∆pas and wild-type strains in biological 102 replicate and compared the gene expression profiles with previously generated wild-type and 103 ∆set-7 data sets (16). We found that 33 genes were upregulated, and 12 downregulated, 104 greater than two-fold in ∆pas strains compared to wild-type strains ( Fig. 2A,B) . Although less 105 than 9% of all genes are H3K27-methylated in a wild-type strain, 64% of the upregulated genes 106 in ∆pas strains were in this select group. Moreover, there was significant overlap between the 107 upregulated genes in ∆pas and ∆set-7 strains (P = 6.095 x 10 -29 ), although loss of SET-7 108 appeared to derepress more H3K27-methylated genes ( Fig. 2A) , i.e., ∆pas strains derepress a 109 subset of SET-7 targets. 110
We previously demonstrated that there are at least two categories of H3K27 111 methylation in N. crassa: telomere-dependent and telomere-independent (17). Because loss of 112 PAS only affected a subset of SET-7 targets, we considered the possibility that PAS may be 113 responsible for specifically silencing one category of H3K27-methylated genes, i.e., those that 114 are telomere-proximal or telomere-distal. We therefore analyzed the genomic location of 115 H3K27-methylated genes upregulated in ∆pas and ∆set-7 strains, respectively, and found that 116 the genes derepressed by loss of PAS are closer to the chromosome ends than are the genes 117 derepressed by loss of SET-7 (P < 0.0005) (Fig. 2C ). This suggested that PAS is responsible for 118 silencing telomere-proximal H3K27-methylated genes. 119
We verified the results of our mRNA-seq experiments by performing reverse 120 transcription followed by quantitative polymerase chain reaction (RT-qPCR) on RNA isolated 121 from biological triplicates of wild-type, ∆set-7, and ∆pas strains (Fig. 2D) . In addition to 122 confirming the derepression of the native genes replaced by the antibiotic-resistance genes in 123 the selection strain (NCU07152 and NCU05173), we confirmed a significant increase in gene 124 expression for five out of six H3K27-methylated genes that appeared upregulated by mRNA-seq 125 in both ∆pas and ∆set-7 strains (Fig. 2D) . We conclude that PAS represses a subset of SET-7 126 targets that are telomere-proximal. 127 128 PAS is necessary for subtelomeric H3K27 methylation. Considering that the loss of PAS led to 129 the derepression of H3K27-methylated genes near the chromosome ends, we wondered if 130 there was also a concomitant loss of H3K27 methylation at subtelomeric regions. To address 131 this possibility, we performed H3K27me2/3 chromatin immunoprecipitation followed by 132 sequencing (ChIP-seq) on two ∆pas siblings and compared the results with the distribution of 133
H3K27me2/3 in a wild-type strain (18) (Fig. 3A) . We found that the general distribution of 134 H3K27me2/3 in ∆pas strains was comparable to wild-type strains, except for clear losses near 135 the chromosome ends (Fig. 3A) . A western blot for H3K27me3 confirmed that ∆pas strains had 136 reduced global H3K27me3 (Fig. 3B) . Detailed analysis of the H3K27me2/3 ChIP-seq revealed 137 that 284 genes in ∆pas strains had at least two-fold reductions in H3K27me2/3 compared to 138 wild-type strains (blue dots; Fig. 3C ) and 34 genes showed at least two-fold greater 139
H3K27me2/3 than wild-type strains (red dots; Fig. 3C ). To confirm the H3K27me2/3 ChIP-seq 140 results, we performed H3K27me2/3 ChIP followed by qPCR (ChIP-qPCR) on wild-type, ∆set-7, 141 and ∆pas strains in biological triplicate. We confirmed the findings for three regions expected to 142 have no change in H3K27me2/3 (NCU05086, NCU08085, and NCU08251), three regions with 143 expected losses in H3K27me2/3 (NCU05173, NCU07152, and Telomere IIIR), and one region 144 with an expected gain in H3K27me2/3 (NCU07801) (Fig. 3D) compare with the distribution of H3K27me2/3 observed in ∆pas strains (Fig. 3A) . We found that 151 while the distribution of H3K27 methylation in each strain was unique, the overall changes in 152 the two strains were similar (Fig 4A) . Indeed, comparison of H3K27me2/3 levels over all genes 153 using Spearman's correlation coefficient showed that ∆npf and ∆pas strains are more similar to 154 each other than they are to wild type strains (Fig. 4B) . Interestingly, unlike ∆npf strains (10), 155 strains lacking PAS do not exhibit a linear growth defect (Fig. 4C) . Therefore, the phenotypic 156 consequences of losing NPF or PAS are not equivalent. 157
158
Relationship between gene expression changes and H3K27 methylation levels in ∆pas strains. 159
To test for a correlation between the gene expression changes in ∆pas strains and the losses or 160 gains of H3K27 methylation in ∆pas, we examined the intersection of these two data sets (see 161 supplemental material). We found that while the loss of H3K27 methylation in ∆pas strains was 162 not sufficient for gene activation, all but one (NCU08790) of the 21 H3K27-methylated genes 163 upregulated in ∆pas strains lost H3K27 methylation (see supplemental material). In contrast, 164 there was no overlap between the genes that gained H3K27 methylation in ∆pas strains and the 165 genes that were downregulated ∆pas strains (see supplemental material). Analysis of the genes 166 that gained H3K27me2/3 in ∆pas strains revealed that the majority (88%) fall into the lowest 167 quartile of gene expression in wild-type strains (Fig. 4D ). In summary, the losses of H3K27 168 methylation in ∆pas strains are associated with, but not sufficient for, increased gene 169 transcription, and the gains of H3K27 methylation in ∆pas strains are mostly on genes that are 170 normally lowly transcribed. 171
172
PAS is an accessory subunit of PRC2. To determine if PAS acts in a protein complex, we 173 immunopurified PAS-3xFLAG from N. crassa lysate and identified its copurifying proteins by 174 mass spectrometry. In addition to PAS itself, we identified the four known components of PRC2: 175 SET-7, SUZ12, EED, and NPF ( Fig. 5A ) (10). We also immunopurified SUZ12-3xFLAG and a 176 negative control (3xFLAG-EPR-1) (12), and analyzed their copurifying proteins by mass 177 spectrometry. In addition, we re-examined previously collected mass spectrometry data from a 178 3xFLAG-EED purification (10). The purifications of the known PRC2 components, SUZ12 and 179 EED, yielded PAS as well as the rest of the known members of PRC2 (Fig. 5A ). The negative 180 control (3xFLAG-EPR-1) purification did identify peptides of NPF but did not detect any peptides 181 of SET-7, SUZ12, EED, or PAS ( representative species compared to N. crassa PAS revealed that significant sequence similarity 195 between the proteins is restricted to the C-terminus of N. crassa PAS (Fig. 5C ). In addition, the 196 total predicted length of PAS homologs is variable (Fig. 5C) has been fruitful, with the identification of sequence-specific transcription factors that directly 205 recruit PRC2 (22-24). In mammals, unmethylated CpG islands can recruit PRC2 (25-27), but the 206 mechanism of this recruitment is unclear. Recently, non-core subunits of mammalian PRC2.1 207 and PRC2.2 were demonstrated to be required to target PRC2 (28, 29), but how these 208 structurally diverse components target specific genomic sites is unknown. Defining the full 209 complement of cis-and trans-acting factors that recruit PRC2 and understanding their 210 mechanism of action remains an outstanding challenge. 211
Utilizing a relatively simple eukaryote, the fungus N. crassa, we performed a forward 212 genetic selection to identify novel factors implicated in Polycomb repression. This yielded an 213 unknown accessory component of N. crassa PRC2, PAS (NCU04278), that is necessary for 214 subtelomeric H3K27 methylation and associated gene silencing. Interestingly, the H3K27 215 methylation defect observed in ∆pas strains bears a striking resemblance to strains lacking the 216 PRC2 component NPF (RBBP4/7 in mammals; p55 in Drosophila) (Fig. 3A) , although their 217 respective defects are distinct (Fig. 4A) . Homologs of NPF are known to associate with other 218 protein complexes (11); therefore, the observed H3K27 methylation defects in ∆npf strains 219 could in principle be due to non-PRC2 activities of NPF. However, the finding that PAS results in 220 H3K27 methylation defects similar to ∆npf strains, but appears to only interact with PRC2 221 components, suggests that the H3K27 methylation defects in ∆npf strains are largely due to the 222 dysfunction of PRC2. Considering that the in vivo role of mammalian NPF homologs (RBBP4/7) 223
in PRC2 function cannot be tested since they are essential for proliferation (30), studies from 224 more amenable organisms, such as N. crassa, are extremely valuable. 225
Our research group has previously identified telomere repeats, (TTAGGG)n, as effective 226 inducers of H3K27 methylation at chromosome ends in N. crassa (17). This subtelomeric H3K27 227 methylation is largely lost in ∆pas, ∆npf and ∆tert (telomerase reverse transcriptase) strains 228 alike (Fig. 3A) (17) . However, the mechanism connecting these cis-and trans-acting factors is 229 unclear. In mammals, the accessory subunits of PRC2 are known to affect both the catalytic 230 activity and the recruitment of PRC2 to chromatin (28-30). Conceivably, PAS and NPF may work 231 together to stimulate PRC2 activity on 'non-ideal' subtelomeric targets and play no role in 232 recruitment. It is also possible, however, that they recruit PRC2 specifically to subtelomeres 233 without influencing catalysis. Both activity and recruitment models can equally account for the 234 observed losses and gains of H3K27 methylation in ∆pas strains. 235
The location of the mutations in the identified pas UV alleles and the sequence 236 alignments of predicted PAS homologs demonstrate that the C-terminus of PAS is a critical, 237 conserved region. This invariant C-terminal region may be responsible for assembly of PAS into 238 PRC2, whereas the divergent N-termini may dictate chromatin targeting or regulation of PRC2 239 activity that is species-specific. Although N. crassa PAS is responsible for subtelomeric H3K27 240 methylation, homologs of PAS in other species may be responsible for H3K27 methylation 241 present at diverse genomic regions. Future work in other fungal species should elucidate the 242 conservation of function, or lack thereof, of PAS-containing PRC2 complexes. 243
244
MATERIALS AND METHODS 245
Strains, media and growth conditions. All N. crassa strains used in this study are listed in Table  246 S1 (supplemental material). Preparation of media and growth conditions for experiments were 247 carried out as previously described (12). Nourseothricin to select for antibiotic-resistant colonies as previously described (12). Primary 252 mutants were rendered homokaryotic by crossing to strain N3756. 253
254
Whole genome sequencing, mapping and identification of pas UV1,2 alleles. This was performed 255 as previously described (12). Briefly, antibiotic-resistant, homokaryotic mutants were crossed to 256 a "Mauriceville" wild-type strain (13) and antibiotic-resistant progeny were pooled for whole 257 genome sequencing. Mapping of the critical mutations was performed as previously described 258 (12, 14). FreeBayes and VCFtools were used to identify novel genetic variants present in our 259 pooled mutant genomic DNA (31, 32). 260 261 RNA isolation, RT-qPCR, and mRNA-seq. Extraction of total RNA from germinated conidia was 262 performed as previously described (12), and either used for cDNA synthesis and subsequent 263 qPCR (see Table S5 in supplemental material for primers) (12) or mRNA-seq library preparation 264 (16). Mapping and analysis of gene expression levels was performed as previously described 265 (12). 266
267
Chromatin immunoprecipitation (ChIP), ChIP-qPCR, and ChIP-seq. H3K27me2/3 ChIP using 268
anti-H3K27me2/3 antibody (Active Motif, 39536) was performed as previously described (12) 269 and the isolated DNA used for qPCR (see Table S6 in supplemental material for primers) or 270 prepared for sequencing (12). Mapping, visualization, and analysis of H3K27me2/3 ChIP-271 sequencing reads was performed as previously described (12). Spearman's correlation 272 coefficient analysis was performed using deepTools2 (33) on the Galaxy public server (34). 78438)) to achieve a final volume of 50 mL, and then suspended by rotation at 4 °C for 1.5 291 hours. Insoluble material was pelleted with one 10-minute centrifugation step at 2,000 RPM 292 and two consecutive 10-minute centrifugation steps at 8,000 RPM. Soluble material was pre-293 cleared with 250 µL of equilibrated Protein A agarose (Invitrogen, 15918014) with rotation for 1 294 hour at 4 °C. The Protein A agarose was pelleted by centrifugation at 2,000 RPM and the 295 supernatant collected, which was then incubated with 400 µL of equilibrated ANTI-FLAG M2 296 affinity gel (Sigma-Aldrich, A2220) overnight, rotating at 4 °C. Resin was pelleted by 297 centrifugation at 1,000 RPM and supernatant removed. Resin was washed with EB, rotated at 4 298 °C for 10 minutes, and pelleted with a 1,000 RPM spin five consecutive times. All liquid was 299 removed after the final spin. Protein was eluted twice from the resin by incubating with 300 µL 300 of 500 µg/mL 3X Flag Peptide (APExBIO, A6001) rotating at 4 °C for 20 minutes, and one final 301 wash with 300 µL of EB. Eluate was precipitated with trichloroacetic acid (10% final 302 concentration) on ice for 1 hour, pelleted by centrifugation at 14,000 RPM, and washed three 303 times with ice-cold acetone. Pellet was air-dried by placing in heat block at 100 °C for 30 304 seconds. Samples were sent to and processed by the UC Davis Proteomics Core Facility for mass 305 spectrometry and subsequent analysis. 306 307 Bioinformatic analysis of PAS homologs. Homologs of N. crassa PAS (accession number: 308 Q1K790) were detected using JACKHMMER iterative search (19), which converged after three 309 consecutive iterations. Regions of significant alignment between detected PAS homologs from 310 representative species and N. crassa PAS were analyzed using the BLAST web server (35). 311
Phylogenetic relationships between fungal species were based on previous work (36). 312
313
Replacement of NCU04278 with trpC::nat-1. The 5' and 3' flanks of NCU04278 were PCR-314 amplified from wild-type genomic DNA with primer pairs 6405 and 6406 (5') and 6409 and 6410 315 (3') (see Table S3 in supplemental material). The 5' and 3' flanks were separately PCR-stitched 316 to plasmid 3237 (source of trpC::nat-1) using primer pairs 6401 and 4883, and 4882 and 6351, 317 respectively. These two 'split-marker' PCR products were co-transformed into strain N2930 and 318 NCU04278 gene replacements were selected on Nourseothricin-containing medium. 319
320
Generation of an N. crassa strain expressing PAS::3xFLAG. NCU04278 was PCR-amplified from 321 wild-type genomic DNA with primers 6397 and 6398 (see Table S4 in supplemental material), 322 and cloned into plasmid 2401 (37) using XbaI and PacI restriction sites to create plasmid 3340 323 (see Table S2 in supplemental material). Plasmid 3340 was subjected to Sanger sequencing 324 using primers 6397, 6407, 6426, 6427, and 6715 to verify that the sequence matched that of 325 wild type. Plasmid 3340 was linearized with NdeI and targeted to his-3 in N6762, as previously 326 described (38). A his-3 + primary transformant was then crossed to N7742 to generate N7807. 327 328 Data availability. Whole-genome sequencing data from pas UV1 and pas UV2 mapping 329 experiments is available from the Sequence Read Archive (PRJNA559544). The results of our 330 mRNA-seq and ChIP-seq experiments are available on the NCBI GEO database (GSE140787). 331
Results of the mass spectrometry experiments are included in the supplemental material. 332
333
SUPPLEMENTAL MATERIAL 334
Supplemental material for this article may be found at … 335
336
ACKNOWLEDGMENTS 337
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